The soybean aphid (Aphis glycines Matsumura) has become a major pest of soybean in North America since 2000. Seven aphid resistance sources, PI 71506, Dowling, Jackson, PI 567541B, PI 567598B, PI 567543C, and PI 567597C, have been identified. Knowledge of genetic relationships among these sources and their ancestral parents will help breeders develop new cultivars with different resistance genes. The objective of this research was to examine the genetic relationships among these resistance sources. Sixty-one lines were tested with 86 simple sequence repeat (SSR) markers from 20 linkage groups. Non-hierarchical (VARCLUS) and hierarchical (Ward's) clustering and multidimensional scaling (MDS) were used to determine relationships among the 61 lines. Two hundred and sixty-two alleles of the 86 SSR loci were detected with a mean polymorphism information content of 0.36. The 61 lines were grouped into 4 clusters by both clustering methods and the MDS results consistently corresponded to the assigned clusters. The 7 resistance sources were clustered into 3 different groups corresponding to their geographical origins and known pedigree information, indicating genetic differences among these sources. The largest variation was found among individuals within different clusters by analysis of molecular variance.
Introduction
The soybean aphid (Aphis glycines Matsumura) has become a major pest of soybean in North America since it was first found in the Midwest in 2000 (Hartman et al. 2001) . It had spread extensively throughout northern North America by (Plant Health Initiative 2007 . During outbreaks in 2003, the aphids reduced production by more than 1.53 million tons in Iowa alone (Pilcher et al. 2005) . A significant yield loss can be as high as 1.7 tons per hectare when aphid populations peak at the beginning of flowering time because of the impact on pod set (Pedersen 2006) . In terms of controlling the pest, host plant resistance is the most effective way of controlling infestations in crops. Varieties with resistance to aphids have been successfully developed and used in production, for example winter wheat resistant to Russian wheat aphids (Haley et al. 2004 ) and apple resistant to the rosy leaf curling aphid (Dysaphis devecta Walker) (Alston and Briggs 1977) . Breeding programs for soybean aphid resistance have existed in China for three decades. Six cultivars, Jiti No. 3, Jiunong No. 6, Xiaojinhuang No. 2, Fengxi No. 1, Jiti No. 2 , and Shennong 25104, have been documented as aphid resistant among the Chinese soybean cultivars released from 1923 to 1995 (Cui et al. 1998) . Fan (1988) found 2 resistant varieties after screening 181 lines and also found a significant variation of resistance among tested genotypes. Yue et al. (1988 Yue et al. ( , 1989 identified 3 highly resistant wild soybean (Glycine soja Sieb. & Zucc.) accessions from among nearly 1000 accessions that demonstrated higher resistance to the aphid than other resistant varieties of cultivated soybean (Glycine max (L.) Merr.). In the USA, soybean aphid research did not receive any attention until the aphid was first found in the Midwest in 2000 (Hartman et al. 2001) . Hill et al. (2004) first reported 3 late-maturing lines, PI 71506, Dowling (PI 548663), and Jackson (PI 548657), in maturity groups (MGs) IV to VIII with resistance to the aphid in North America. In 2005, 4 early-maturing soybean accessions (MG III) were identified as novel resistance sources from among 2147 accessions maintained in the USDA Soybean Germplasm Collection (Mensah et al. 2005) . PI 567541B and PI 567598B have antibiosis resistance, while PI 567543C and PI 567597C were reported to possess antixenosis resistance.
Knowledge of genetic relationships among sources of soybean aphid resistance will help breeders select resistance sources and facilitate the development of new cultivars with different resistance genes. Molecular markers have been successfully used to estimate genetic relationships among lines resistant to the soybean cyst nematode (SCN). Chen et al. (2006) used SSR markers to characterize 122 known SCN-resistant lines in the United States and found that the assigned clusters were dominated by genotypes that possessed one or more unique SCN resistance genes associated with geographical origins. Most recently, Nichols et al. (2007) used 72 SSR markers to evaluate the variability among Chinese wild soybean (G. soja) and cultivated soybeans from China and North America. The genetic diversity of these soybean aphid resistance germplasms is unknown. Therefore, the objective of this research was to examine the genetic relationships among the 7 recently identified resistance sources along with their ancestors and plant introductions (PIs) with similar geographical origins.
Materials and methods
This study closely parallels our previous study of molecular marker diversity of SCN resistance sources in soybean (Chen et al. 2006) . In that study we analyzed 122 genotypes with 85 SSR markers and in the present study we genotyped 61 lines with 86 SSR markers. Sixty-one lines were selected, including 7 resistant lines identified in the United States (PI 71506, Dowling (PI 548663), Jackson (PI 548657), PI 567541B, PI 567598B, PI 567543C, and PI 567597C) as well as their ancestors and accessions with geographical origins similar to those of resistant PIs based on published data by research groups in Illinois and Michigan (Hill et al. 2004; Mensah et al. 2005) . Arksoy, Ralsoy, CNS, and Palmetto are the ancestors of Dowling and Jackson. Williams 82, a susceptible cultivar, was used for comparison in this study. The majority of these accessions originated from Northeast and Central China, Korea, and Japan, and these lines are in the MGs 000 to X (see Table 1 ). The host resistance ratings of the tested lines were compiled from the Genetic Resources Information Database (USDA-ARS 2007). All genotypes were grown in a greenhouse at Michigan State University in June 2006 for DNA extraction.
The first trifoliate leaves of 10 greenhouse-grown seedlings of each accession were harvested for isolating genomic DNA. The harvested leaves were frozen at -80 8C for over 24 h before being lyophilized. The dried leaf tissue was mixed with glass beads 4 mm in diameter and powdered by vigorous shaking for 3 min with a paint shaker. DNA was extracted from the ground leaf tissue based on the CTAB (hexadecyltrimethyl ammonium bromide) method of Kisha et al. (1997) . A DNA concentration of 25 ng/mL was used for the polymerase chain reaction (PCR) performed according to Cornelious et al. (2005) . Non-denaturing 6% polyacrylamide gels were used to separate amplified PCR products in a vertical sequencing system described by Wang et al. (2003) .
Eighty-six SSR markers covering all 20 linkage groups on the consensus soybean linkage map (Song et al. 2004 ) were used to evaluate genetic relationships among the tested lines. Some of the SSR markers associated with QTLs underlying putative soybean aphid resistance and other traits were also included for genotyping the tested lines (supplementary data 2 ).
Owing to co-dominancy, SSR fragments were scored based on molecular weight and a genetic dissimilarity coefficient was calculated as 1 -(total score/total loci), where total loci is the total number of SSR loci and total score is the sum of values over those loci (Diwan and Cregan 1997) . When comparing a pair of genotypes, if both alleles were identical at a locus the score was 1.0, if only one allele was identical the score was 0.5, and if there were no identical alleles the score was 0.
Both hierarchical cluster analysis and multidimensional scaling (MDS) (Shepard 1974) were conducted based on the 61 Â 61 genetic dissimilarity coefficient matrix using the WARD option of PROC CLUSTER and the PROC MDS of PC SAS, respectively (SAS Institute Inc. 1999). By setting the TRIM function to 1, 2% of the lines possessing low probability estimates were removed in the hierarchical cluster analysis. A non-hierarchical cluster analysis procedure, the PROC VARCLUS option of SAS, was applied to the original fragment data to cluster the lines into non-overlapping lines (SAS Institute Inc. 1999).
Polymorphism information content (PIC) scores (Anderson et al. 1992 ) were calculated to estimate gene diversity over loci by using the formula Nei 1987 ) with a sampling variance estimated as
where n is the number of gene copies in the sample, k is the number of haplotypes, and p i is the sample frequency of the ith haplotype. The PIC scores can be used to measure genetic diversity at a specific locus. The greater the PIC score, the greater the probability that a polymorphism exists between any two PIs at that locus.
Analysis of molecular variance (AMOVA) was performed in Arlequin version 3.0 (Excoffier et al. 2005 ) based on the genetic distance matrix to estimate the components of variance that are attributable to differences among clusters and among individuals within clusters. Significance of variance components was tested by a nonparametric permutation procedure with 1023 permutations (Excoffier et al. 1992) . The correlation of genes of different individuals in the same population and the genetic differences among subpopulations were tested by the F statistic (F st ). For a subpopulation, if all alleles were identical, then F st equaled 0; if they were all different, then F st equaled 1. So, pairwise comparisons of F st values among populations can be considered standardized distances between populations. Therefore, the pairwise F st values were used for pairwise comparisons among clusters (Excoffier et al. 2005) .
Results

Diversity of SSR markers
Two hundred and sixty-two alleles ranging from 100 to 600 bp were generated from 86 pairs of SSR primers among the 61 tested genotypes. These 262 alleles were all polymorphic. Satt460, Satt532, Satt414, and Satt260 primers produced the most alleles (5), while some primers generated only 2 alleles (supplementary data 2 ). The range of PIC scores for polymorphic loci in this study was 0.03 (Satt459, Satt463, and Satt266) to 0.50 (Sat_272, Satt022, Satt170, Satt197, Satt209, Satt241, Satt249, Satt324, Satt435, Satt453, Satt463, Satt489, Satt538, Satt628, Satt648, Satt666, Satt671, Satt674, Satt685, Satt723, and Sct_187) with a mean of 0.36.
Cluster analysis
Based on the CCC, PSF, and PST2 statistics from the output of PROC CLUSTER, there were 4 clusters defined by Ward's minimum variance cluster analysis among the 61 lines (Table 1) . PROC VARCLUS, the non-hierarchical cluster analysis procedure, generated as many as 13 clusters, in which the total variation explained was 49%. A comparison was made between Ward's 4-cluster scheme and the 13 clusters derived from VARCLUS. Ward's cluster 1 contained 17 PIs originating from Shandong, China, in MGs III and IV, of which 4, PI 567541B, PI 567598B, PI 567543C, and PI 567597C, are soybean aphid resistant and the others are moderately resistant (DI < 50%), except PI 578498A (DI = 69%) (Table 1 ). Ward's cluster 1 was split into 3 groups by VARCLUS: I, II, and XII. The 4 aphid-resistant accessions were clustered in the subgroup defined by VARCLUS group I and by the dendrogram produced from Ward's analysis, indicating that they had very similar genetic backgrounds (Table 1 and Fig. 1) . Cluster 2 included a susceptible cultivar, Williams 82, and 7 other aphid-susceptible PIs from northeastern China in MGs II and III. Cluster 2 was split into groups III and XI by the VARCLUS procedure. Cluster 3 was a complex cluster compared with clusters 1, 2, and 4. Twenty-four lines were included and a resistant line, PI 71506, was grouped in this cluster. The maturity groups in this cluster ranged from 000 to X and included landraces and developed cultivars highly resistant and susceptible to the aphid. The cluster was divided into groups IV, V, VI, IX, X, and XIII by VARCLUS. More similar PIs in terms of origin and maturity were assigned to the VARCLUS groups. Cluster 4 contained 12 lines including 2 important aphid resistance sources, Dowling and Hill et al. (2004) , in which the range of values is 0 to 9 and a line with a DI of 3 or less is defined as resistant; values presented as percentages are from Mensah et al. (2005) , in which the DI ranges from 0% to 100% and a line with a DI of 30% or less is considered resistant.
Jackson, and some of their ancestors, Arksoy, Ralsoy, CNS, and Palmetto. Except for Richland and PI 549020 in MG II and Perry in MG IV, all lines grouped in this cluster are in the late maturity groups VI to VIII. Cluster 4 was split into 2 groups, VII and VIII, by VARCLUS. The results from this study indicate that the 4 early-maturing aphid-resistant lines in cluster 1, PI 567541B, PI 567598B, PI 567543C, and PI 567597C, are genetically very distinct from both Dowling and Jackson in cluster 4 and PI 71506 in cluster 3 (Table 1 and Fig. 1 ) but are genetically similar to each other.
Multidimensional scaling
A multidimensional scaling plot was generated from the first 2 dimensions to illustrate genetic variation among the 61 lines and to compare the results of hierarchical (Ward's minimum variance cluster) and non-hierarchical (VAR-CLUS) clustering methods (Fig. 2) . Twelve dimensions were applied to produce the solution with less than 2% stress, which was measured by comparing original dissimilarity to the amount of mismatched distance derived from MDS. The first 2 dimensions accounted for 89% of total variation. In general, the lower right quadrant contained all lines from cluster 1, the upper right quadrant contained some lines from clusters 1 and 2, the upper left quadrant had the majority of lines from cluster 3 and some lines from cluster 2, and the lower left quadrant was primarily lines from cluster 4. The 7 known soybean aphid resistant lines, PI 567541B (A04), PI 567598B (A03), PI 567543C (A01), PI 567597C (A02), Dowling (A53), Jackson (A55), and PI 71506 (A32), were placed in 3 quadrants corresponding to clusters 1, 3, and 4 of the assignment by Ward's minimum variance method (Fig. 1) .
AMOVA to partition genetic variance among the clusters
The results of AMOVA showed 3 sources of variation to be significant: among clusters, among individuals within Fig. 2 . Two-dimension multidimensional scaling scatter plot of the 61 lines based on the genetic dissimilarity coefficient of 262 SSR allelic fragments. Codes for each PI can be found in Table 1 . clusters, and among individuals. The largest variation was found among individuals within clusters and it accounted for 84% of the total variance. The variance contributed by variation among clusters was 14% and that contributed by variation among individuals was only 2.5%. F st values, the measurement of the cluster pairwise distances, ranged from 0.12 to 0.20 between clusters 3 and 4 and between clusters 1 and 2, respectively ( Table 2 ). All the pairwise F st values were significantly different from zero, indicating that the 4 clusters were distinct from each other. Cluster 1 had the largest mean F st value (0.19), suggesting it was the most distinct cluster.
Discussion
This study is another indication that SSR markers are appropriate for evaluation of the genetic diversity of soybean because of efficiency of use and representation of the entire genome. Based on the soybean consensus map, the 86 SSR markers used in this study were selected from 20 linkage groups to cover the entire genome. The average number of polymorphic bands per marker in this study was 3.0, which was lower than the value of 6.7 reported in our previous study of molecular marker diversity of SCN-resistant accessions of soybean (Chen et al. 2006) . The difference may be attributable to the number of genotypes and the type of experimental materials. In this study we tested fewer PIs (61 versus 122 PIs), and landraces represented a smaller proportion of the tested lines. The amount of variation explained by the first 2 dimensions in the MDS analysis in this study was 89%, similar to that in our prior study (80%; Chen et al. 2006) .
Clustering analysis focuses on the relatedness of genotypes based on genetic distances, whereas AMOVA estimates the differences among individuals and populations. AMOVA has been used to evaluate genetic diversity in a variety of crops including sweet potato (Ipomoea batatas (L.) Lam.; Zhang et al. 2004) , sesame (Sesamum indicum L.; Ercan et al. 2004) , maize (Zea mays L.; Reif et al. 2003) , olive (Olea europaea L.; Belaj et al. 2002) , and soybean (Glycine max; Chen and Nelson 2005; Chen et al. 2006) . In this study, the results from AMOVA showed that the significant variance among individuals within clusters was the largest variance component (84%) (Table 3) , indicating that diversity within populations was large.
Three clustering methods, Ward's minimum variance, VARCLUS, and MDS, consistently assigned 7 aphid-resistant lines, PI 567541B (A04), PI 567598B (A03), PI 567543C (A01), PI 567597C (A02), Dowling (A53), Jackson (A55), and PI 71506 (A32), into 3 distinct groups, cluster 1 (A04, A03, A01, and A02), cluster 3 (A32), and cluster 4 (A53 and A55) ( Table 1, Fig. 1, Fig. 2 58N, 121.38E ). PI 71506 in MG IV also originated from China but no information is available to determine the province it came from. Dowling and Jackson are varieties in MGs VIII and VII, respectively, and they share the common ancestors 'Tokyo' and PI 54610 and were clustered in the same subgroup. This supports the conclusion that lines in the same cluster are genetically similar.
The genetic relatedness of the 61 lines tested in this study was established on the basis of variation of the 86 SSR loci in general. The 86 SSR loci covered the 20 linkage groups and were a random sample of the whole genome. Unlike RAPD markers, there is no common set of SSR markers or so-called ''core primers'' established for evaluation of the genetic diversity of soybean. Therefore, it will be difficult to merge different data sets in future studies. It would be beneficial to establish a core set of SSR markers for soybean diversity studies.
More specific information on the differences in aphid resistance genes among the known sources will be beneficial to design efficient breeding schemes to develop resistant cultivars. Mensah et al. (2006) conducted a study of inheritance of antibiosis resistance in PI 567541B and PI 567598B and found that there are 2 recessive genes controlling the resistance in these two PIs. The same conclusion was derived from the experiment conducted by Sun et al. (1991) , in which crosses were made between wild (G. soja) and cultivated soybean. Two independent recessive genes and some other minor genes were found to control aphid resistance in the wild soybean. Hill et al. (2006a Hill et al. ( , 2006b reported that a single dominant gene named Rag1 controlled resistance in Dowling and, similarly, a single dominant gene controlled resistance in Jackson, but the genetic relationship between the gene in Jackson and Rag1 in Dowling is still unknown. These findings provide more evidence that early-maturing PI 567541B and PI 567598B are genetically different from Dowling and Jackson.
The origins of resistance in Dowling and Jackson were discussed by Hill et al. (2004) . They compared the differences in aphid damage index among the ancestral parents based on the pedigree information of 2 developed cultivars and concluded that CNS and Palmetto could be putative origins of resistance for Dowling and Jackson, respectively. Furthermore, the resistance gene was flanked by SSR markers, Satt435 and Satt463, on linkage group M (Li et al. 2007 ). These two markers were employed in this study to assess the genetic diversity of 61 lines and it was found that both CNS and Palmetto carried the same alleles of Satt435 and Satt463 as Dowling and Jackson. Therefore, CNS and Palmetto are most likely the origins of resistance, but allelic tests among Dowling, Jackson, and their parental lines, CNS and Palmetto, will still be required to confirm the origins of resistance.
